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ABSTRACT
We report on the detection of two Ovi absorbers at z = 0.41614 and 0.41950
(separated in velocity by |∆v| = 710 km s−1) towards SBS 0957+599. Both absorbers
are multiphase systems tracing substantial reservoirs of warm baryons. The low and
intermediate ionization metals in the z = 0.41614 absorber are consistent with an
origin in photoionized gas. The Ovi has a velocity structure different from other
metal species. The Lyα shows the presence of a broad feature. The line widths for
Ovi and the broad-Lyα suggest T = 7.1 × 105 K. This warm medium is probing a
baryonic column which is an order of magnitude more than the total hydrogen in the
cooler photoionized gas. The second absorber is detected only in H i and Ovi. Here the
temperature of 4.6×104 K supports Ovi originating in a low-density photoionized gas.
A broad component is seen in the Lyα, offset from the Ovi. The temperature in the
broad-Lyα is T . 2.1×105 K. The absorbers reside in a galaxy overdensity region with
7 spectroscopically identified galaxies within ∼ 10 Mpc and ∆v ∼ 1000 km s−1 of the
z = 0.41614 absorber, and 2 galaxies inside a similar separation from the z = 0.41950
absorber. The distribution of galaxies relative to the absorbers suggest that the line
of sight could be intercepting a large-scale filament connecting galaxy groups, or the
extended halo of a sub-L∗ galaxy. Though kinematically proximate, the two absorbers
reaffirm the diversity in the physical conditions of low redshift Ovi systems and the
galactic environments they inhabit.
Key words: galaxies: halos, intergalactic medium, quasars: absorption lines, quasars:
individual: SBS 0957 + 599, ultraviolet: general
1 INTRODUCTION
The detection of circumgalactic and intergalactic warm-
hot ionized plasma at low-z (z . 0.5) holds great signif-
icance. Models of how galaxies, clusters and structures of
larger scales form, make clear predictions that up to ∼ 50%
of the baryons in the present universe reside in a highly
ionized state outside of the stellar environments of galax-
ies with temperatures in the range of T ∼ 105 − 107 K
⋆ E-mail:sachinpc@live.com
† Email: anand@iist.ac.in
(Cen & Ostriker 1999; Dave´ et al. 2001; Valageas et al. 2002;
Smith et al. 2011; Cen 2013). The diffuse nature of this gas
with densities of nH . 10
−5 cm−3 has precluded its detec-
tion via emission in X-rays with the current generation of
X-ray detectors.
Currently, the proven method to trace the baryons
in this ionized plasma is to search for their absorption
against the spectrum of background quasars. Due to the
high temperature of the plasma, the diagnostics commonly
pursued are absorption lines from heavily ionized metals
such as Ovi, O vii, O viii, Ne viii, and Mg x (Tripp et al.
2001, 2008; Savage et al. 2002, 2005; Danforth & Shull 2008;
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Narayanan et al. 2009, 2012). Compared to Ne viii and
Mg x, Ovi is more ubiquitous because of oxygen’s high
cosmic abundance. The ion is easily detected even at low
S/N through its strong 1032, 1038 A˚ doublet transitions.
Ultraviolet surveys have therefore relied a great deal on
Ovi as probes to locate undetected large baryonic reser-
voirs with N(H) ∼ 1020 cm−2 at low-z (Danforth et al. 2006;
Danforth & Shull 2008; Savage et al. 2014).
Earlier work, both observational and theoretical, has
highlighted ambiguities in determining the origin of Ovi.
Cool (T . 104 K) photoionized gas at very low den-
sities (nH ∼ 10
−5 cm−3) can produce strong Ovi ab-
sorption of N(Ovi) & 1014 cm−2 (Thom & Chen 2008a,b;
Tripp et al. 2008; Prochaska et al. 2011b; Muzahid et al.
2015). On the other hand, there are instances where Ovi
seems to be clearly associated with shock-heated warm gas
with T ∼ 105 − 106 K at both low and high redshifts
(Savage et al. 2010; Narayanan et al. 2010a,b; Savage et al.
2011a,b; Muzahid et al. 2012; Savage et al. 2014) which har-
bors a high fraction of the baryons at z < 0.1. In complex
multiphase absorbers, the distinction between the two pos-
sible scenarios of photoionization and collisional ionization
is often blurred.
Predictions from cosmological simulations have also
been divided between cold and warm temperatures for
the Ovi bearing gas (Kang et al. 2005; Smith et al. 2011;
Tepper-Garc´ıa et al. 2011; Oppenheimer et al. 2012). The
differences primarily stem from the cooling calculations im-
plemented in the simulations. As Smith et al. (2011) and
Tepper-Garc´ıa et al. (2011) demonstrate, metallicity plays
a pivotal role in the temperature of the gas. When chemical
abundances are high (Z & 0.1Z⊙), excluding the contribu-
tion from metals towards the cooling of the plasma can result
in a significant overestimation of the temperature.
The emerging picture is one where, rather than rep-
resenting a single class of absorber, Ovi originates in gas
with different physical properties and ionization mechanisms.
This affects estimates of the Ovi absorber population’s con-
tribution to the cosmic baryon inventory. As Tripp et al.
(2008) point out, the Ωb(Lyα) from Lyα surveys includes
the subset of cool photoionized Ovi. Thus, a separate esti-
mate of Ωb(Ovi) should carefully exclude systems where the
Ovi comes from photoionized Lyα clouds.
Compared to Ovi, the O vii and O viii ions are con-
clusive tracers of high temperature plasma. It is difficult to
produce these ions via photoionization because it requires
photon energies exceeding 138 eV and 739 eV respectively.
At T & 3 × 105 K most of the oxygen will be in the O vii
state, while at T & 2× 106 K it will be in the O viii ioniza-
tion state through collisional ionizations. The K-shell tran-
sitions of these ions occur at X-ray wavelengths. However,
the number of X-ray O vii, O viii (and Ne ix) absorption
line detections has been limited. Except for the z = 0.03
O vii absorption associated with the Sculptor Wall of galax-
ies (Buote et al. 2009; Fang et al. 2010), the robustness of
detections of other O vii and O viii at z > 0 have been ques-
tioned because of their low significance (Cagnoni et al. 2004;
Nicastro et al. 2005; Kaastra et al. 2006). With the present
generation of X-ray spectrographs, it would require integra-
tion times of ∼ 100 Ms to detect these ions with sufficient
significance at column densities lower than ∼ 1016 cm−2,
typical of diffuse gas outside of galaxies (Yao et al. 2012).
Thus, for the time being, spectroscopic observations in the
ultraviolet remain the most efficient means to probe warm-
hot gas at low-z.
In multi-phase intervening absorbers, crucial insights
into the ionization of Ovi can come from the presence of
metal species like Ne viii which is a more reliable tracer of
collisionally ionized gas at T ∼ 7× 105 K. Presently, only 7
intervening Ovi - Ne viii absorbers are known (Savage et al.
2005, 2011b; Narayanan et al. 2011, 2012; Meiring et al.
2013; Hussain et al. 2015). The sample size is small be-
cause of the difficulty in identifying the weak Ne viii dou-
blets against a continuum with low S/N at far-UV wave-
lengths. In 6 of 7 cases, the constraints set by Ne viii along
with Ovi clearly established the presence of warm gas with
T ∼ 105−106 K (Savage et al. 2005, 2011b; Narayanan et al.
2009, 2011, 2012; Meiring et al. 2013). Hussain et al. (2015)
describe the case where the Ne viii-Ovi in an absorber
is found to be consistent with an origin in a low density
(nH ∼ 6×10
−6 cm−3), metal enriched (& Z⊙) photoionized
plasma, with a cloud line of sight thickness of ∼ 186 kpc.
But even in that case, collisional ionization emerges as a
viable alternative.
The information on H i associated with these high ions
is central to carrying out a robust measurement of the abun-
dances and the total baryon content (Richter et al. 2006;
Lehner et al. 2007; Danforth et al. 2010, 2011). The pre-
dicted temperatures for the warm absorbers are in the range
where the bulk of the hydrogen will be collisionally ionized.
The very low neutral fraction of H i (N(H i)/N(H) ∼ 10−6)
due to ionization from collisions implies that the Lyα ab-
sorption from this phase is going to be thermally broadened
(b > 40 km s−1), and shallow. Finding this broad-Lyα fea-
ture (BLA), which is usually has a low contrast with respect
to the continuum, requires good S/N . Precise line measure-
ments are a challenge especially in multiphase gas, where
the shallow BLA is often kinematically entangled with the
narrow and typically saturated H i from the cold T ∼ 104 K
phase of the absorber. If the BLA is linked in velocity with
Ovi, it provides a straightforward measurement on the tem-
perature of the gas without having to invoke any underlying
modeling assumptions (Savage et al. 2012, 2014). In these
cases, one can use the b-parameters of H i and Ovi to sep-
arate the turbulent and thermal contributions to the line
broadening, and thus determine a relatively reliable temper-
ature.
A complimentary approach towards understanding the
origins of Ovi absorption has been to investigate the dis-
tribution of galaxies at the location of the absorber. Imag-
ing and galaxy spectroscopic surveys have, in several in-
stances, found one or more galaxy counterparts with L >
0.1L∗ within . 300 kpc impact parameter of Ovi ab-
sorbers (Sembach et al. 2004; Stocke et al. 2006; Tripp et al.
2006; Chen & Mulchaey 2009; Wakker & Savage 2009;
Prochaska et al. 2011a). For such low impact parameters,
the Ovi could be bound to the hot halo of the nearest
galaxy. A circumgalactic origin for Ovi is also claimed by
the more recent COS-Halos survey (Tumlinson et al. 2011a).
This study found a high covering fraction (& 80%) for Ovi
around star forming galaxies, compared to more quiescent
systems. The correlation between star formation rate and
the incidence of Ovi lends support to the notion that the
c© 2015 RAS, MNRAS 000, 1–16
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absorption could be part of a galactic wind driven by corre-
lated supernova events within the galaxy.
Other sets of observations support a slightly different
view of the physical locations where Ovi bearing gas oc-
curs. From examining the fields of a sample of 20 Ovi -
BLA absorbers, Stocke et al. (2014) find that they all oc-
cur in galaxy overdensity regions, with a range of impact
parameters from 77 − 620 kpc to the nearest galaxies, with
some warm Ovi absorbers well outside the virial radius of
the nearest galaxy. The temperatures inferred from the H i
- Ovi line widths were found to correlate with the group’s
total luminosity as well as the characteristic velocity disper-
sion of galaxies within the group. This lead them to suggest
that the Ovi in their sample may be tracing T ∼ 3× 105 K
gas permeating the space between galaxies, rather than gas
within the virial radii of individual galaxies. Similar results,
suggesting an intergalactic origin for the Ovi, have also
emerged from earlier investigations of individual sightlines
(Narayanan et al. 2010a; Prochaska et al. 2011b).
In the face of these divergent views, there is merit in
scrutinizing individual absorption systems in detail, along-
side efforts such as the more recent paper by Savage et al.
(2014) that bring out statistical descriptions of Ovi absorber
populations by surveying a large number of sightlines. An-
alyzing individual absorbers will help us to describe, with
finer detail, the properties of Ovi bearing absorbers and the
state of diffuse multi-phase gas away from the stellar envi-
ronments of galaxies.
In this paper, we report on the detection of two Ovi
absorbers, kinematically proximate to each other, identified
in the HST/COS far-UV spectrum of the quasar SBS 0957+
599. In both absorbers, a BLA is detected, but only in one
of them the broad-H i is coincident in velocity with the Ovi.
The coincidence of the BLA with the Ovi allows us to dis-
criminate between a collisional ionization and a photoioniza-
tion scenario. Whereas, in one of the absorbers, the Ovi is
tracing T ∼ 7×105 K gas, in the other the Ovi is consistent
with cooler T ∼ 4.6 × 104 K photoionized gas. In Sec. 2, a
description of the spectroscopic data is given. Sec. 3 offers
details on both absorbers and the respective line measure-
ments. The ionization mechanisms, absorber physical prop-
erties and the chemical abundances are discussed in Secs. 4
& 5. In Sec. 6, we provide information on the galaxies de-
tected near the absorber. The possible origin of both multi-
phase absorbers are dealt with in Sec. 7, and in Sec. 8 we
provide a summary of the significant results.
2 THE HST/COS DATA
The ultraviolet HST/COS (Green et al. 2012) spectroscopic
observations for SBS0957+599 (zem = 0.746) were extracted
from the MAST public archive1. The quasar was observed
as part of the COS program to map the gaseous halos of
dwarf galaxies (PI. J Tumlinson, Prop ID 12248). The data
were reduced using the STScI CalCOS (v3.0) pipeline. The
observations consists of far-UV spectra obtained with the
G130M and G160M gratings for total integration times of
3.3 ks and 5.2 ks respectively. The combined spectrum has
1 https://archive.stsci.edu/
a wavelength coverage of 1150 − 1800 A˚, and a wavelength
dependent resolution of R ∼ 15, 000 − 20, 000 which pro-
gressively increases towards longer wavelengths. The COS
wavelength calibration has residual errors of ∼ 20 km s−1,
which are at the level of a resolution element of the instru-
ment (Savage et al. 2011a; Meiring et al. 2013; Wakker et al.
2015). Within an exposure, the alignment errors are found
to vary with wavelength. To reduce the impact of these
wavelength dependent offsets between exposures, we cross-
correlated ISM and IGM lines between different exposures
and then fitted a polynomial to the wavelength-dependent
offsets. Afterwards, the centroids of the ISM absorption lines
were compared to the centroid of the 21-cm emission in the
direction of SBS 0957 + 599 in order to determine a final
wavelength scale. The full details of this approach are de-
scribed in the Appendix of Wakker et al. (2015). The COS
spectra obtained from the pipeline are oversampled with 6
pixels per resolution element. For our analysis, we rebinned
the coadded spectra to the optimal sampling of 2 pixels
per resolution element. The spectrum was normalized to
the level of the continuum determined by fitting lower-order
polynomials.
3 THE MULTIPHASE ABSORBERS
3.1 The z = 0.41614 Absorber
This absorber is detected at > 3σ significance in a number
of hydrogen Lyman series lines, Ovi, C iii, N iii, Si iii, and
C ii. The continuum normalized line profiles are shown in
Figure 1. The COS spectra also covers Si ii, N ii, S ii, Nv,
and S vi which yield non-detections. The z = 0.41614 red-
shift is the optical depth weighted center of the Ovi 1032 A˚
line. For H i, Ovi, C iii, and Si iii we have obtained
line parameters through Voigt profile modeling using the
Fitzpatrick & Spitzer (1997) routine. For decomposing the
line profiles, the models were convolved with the empirically
determined line-spread functions of Kriss (2011) at the ob-
served wavelength of each line. The fit results are shown in
Figure 2 and Table 1.
The hydrogen shows multi-component absorption with
at least two kinematically distinct components clearly evi-
dent. Using the three component absorption profile of Si iii
as a guideline, the H i column densities were obtained by si-
multaneously fitting the Lyman series lines H i 1216−926 A˚.
The unsaturated higher order Lyman lines provide a unique
solution to the H i absorption profile. The total H i column
density of ∼ 1016.5 cm−2 obtained from profile fitting indi-
cates that the absorber is only partially optically thick at
the Lyman limit. The derived value is comparable within its
errors with the H i column density of ∼ 1016.3 cm−2 esti-
mated from the optical-depth at the partial Lyman-limit of
τLL ∼ 0.3. An accurate measurement of τLL requires mod-
eling the full QSO continuum including the higher order
Lyman series lines. Here we have attempted a crude esti-
mation of τLL by defining a flat continuum around the par-
tial Lyman-limit at λ ∼ 1292 A˚. In addition to the strong
absorption in the core, the Lyα line shows a broad and
shallow absorption in its red wing over the velocity range
[−v,+v] = [70, 200] km s−1. This shallow absorption is not
recovered by the three component fit. The significance of
this red wing is discussed in Sec 3.1.1.
c© 2015 RAS, MNRAS 000, 1–16
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Figure 1. Continuum normalized spectral regions of prominent lines associated with the z = 0.41614 (v ∼ 0 km s−1) and z = 0.41950
(v ∼ 710 km s−1) absorbers. The vertical lines indicate the relative velocities of the absorbers. For the v ∼ 0 km s−1 absorber, Si ii 1190,
Si ii 1260, Nv and S vi are non-detections at > 3σ. Only H i 1216 − 950, and Ovi are > 3σ detections for the z = 0.41950 system.
The 1σ error spectrum can also be seen at the bottom of each plot window. The shaded portions indicate absorption unrelated to the
line. The absorption contaminating H i 950 is identified as Ovi 1032 at z = 0.3036 for which the corresponding Ovi 1038, H i, C iii,
Si iii are also detected. Similarly, the contamination to N iii 990 is from interstellar Si iv 1403 A˚. The C ii 904a (λ = 903.9616 A˚) and
C ii 904b (λ = 903.6235 A˚) are mutually blended at v < −50 km s−1 and v > 50 km s−1 respectively. Their wavelength separation is
only 0.5 A˚ in the observed frame. The absorption at v ∼ 400 km s−1 in the C ii 1036 panel is Ovi 1038 from the absorber discussed
in this paper. Similarly the feature at v ∼ 710 km s−1 in the Si ii 1190 panel is Si ii 1193 at v ∼ 0 km s−1. The absorption features in
the N ii 916 panel from 200 < v < 400 km s−1 are possibly H i 916, H i 917, and H i 918 lines at z = 0.4161. The absorption feature at
v ∼ 425 km s−1 is Lyα at z = 0.0889.
The Si iii 1207 A˚ line shows a three component profile
coinciding in velocity with the H i. However, we note that
the component at ∼ −10 km s−1 can have sub structure to it,
which is ambigious at the limited resolution of COS. In the
case of C iii, the absorption over the −90 < v < 100 km s−1
interval is saturated. We therefore adopt the velocities of
the two central components of Si iii to fit the corresponding
C iii feature.
In contrast, the Ovi absorption does not show the kine-
matic complexity seen in H i, C iii, Si iii and N iii. The ab-
sorption in either line of the Ovi doublet is consistent with
a single component. This kinematic difference is suggestive
of Ovi having a different origin compared to other metal
lines. The COS data shows a difference of 7 km s−1 in the
velocity centroid of Ovi with the nearest component seen
in H i, C iii and Si iii. However, this offset is within the
1σ uncertainty of the velocity of the model profile, and the
wavelength calibration residuals expected for COS spectra.
More consequential for the presence of multi-phase is the dif-
ference in the kinematics of the absorption of Ovi compared
with H i and the other metal lines.
The C ii 904a (λ = 903.9616 A˚) is blended with absorp-
tion from C ii 904b (λ = 903.6235 A˚). The weaker C ii 1036
profile suggests evidence for multiple components but at low
contrast. We note that the feature at v < −70 km s−1 in
C ii 1036 is most likely a blend as the corresponding ab-
sorption in the stronger C ii 904a is not seen. Our fitting
routine is unable to converge on a three component fit to the
C ii data. We therefore resort to the apparent optical depth
(AOD) technique of Savage & Sembach (1991) to determine
the integrated column densities of C ii separately for the ve-
locity intervals of the three components seen in Si iii. The
details of the apparent column density measurements and
equivalent widths are given in Table 2. The N iii 990 line
also has component structure that cannot be uniquely iden-
tified from profile fitting. We use AOD method to determine
the apparent column density for N iii as well. There should
be no contamination from Si ii 990 line in the N iii 990 line,
since the stronger Si ii 1260, 1193, and 1190 lines are non-
detections.
Our profile fitting analysis shows that the central two
components of C iii and Si iii are saturated. A free-fit to
the Si iii line gives a value of logN(Si iii) = 15.17 ± 0.47
and b(Si iii) = 14 ± 8 km s−1 for the strongest component.
Assuming a scenario of pure non-thermal line broadening,
b(Si iii) ∼ b(H i) = 30 km s−1 for the v ∼ −10 km s−1
component, we obtain a fit to the line profile with a column
density that is ∼ 1.4 dex smaller. The strong dependency of
c© 2015 RAS, MNRAS 000, 1–16
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Figure 2. Voigt profile models are shown superimposed on the continuum normalized data with 1σ error bars. The H i absorption
is modeled by simultaneously fitting the Lyman series lines. The H i is best fitted with three kinematically distinct components, the
positions of which are indicated with the vertical tick marks. The H i 950 A˚ line is strongly contaminated at v > 0 km s−1 by Ovi 1032 at
z = 0.3036. While fitting, the contaminated pixels were deweighted by artifically enhacing the noise associated with those pixels. A three
component model similar to H i is also obtained from independently fitting the C iii and Si iii lines. In contrast, the Ovi 1031, 1037 are
simultaneously fitted with a single component. The kinematic profile of Ovi is distinct from H i or the intermediate and low ionization
lines of other elements. The higher order Lyman lines, C iii and Si iii at v ∼ −10 km s−1 are significantly saturated. The fit results are
given in Table 1
.
column density on b-parameter implies that the line is in the
flat part of the curve of growth. Voigt profile fitting does not
yield a unique solution for such saturated lines. The errors
returned by the profile fitting routine also do not reflect this
uncertainty in column density due to saturation.
If the C iii and Si iii lines are predominantly non-
thermally broadened, then from the better constrained
b(H i), we can estimate lower limits on the column den-
sities for C iii and Si iii that are 1.10 dex and 1.43 dex
lower than the estimated value. Alternatively, if the lines
are fully thermally broadened, then b(C iii) ∼ 7 km s−1
and b(Si iii) ∼ 5 km s−1 for the v ∼ −10 km s−1 compo-
nent. For these very narrow line widths, the Voigt profile
models do not suitably fit the data. From this exercise, we
conclude that whereas either component of C iii and Si iii
could be as broad as the corresponding H i, they cannot
be much narrower than what is seen at the resolution of
COS. We therefore adopt a logN(Si iii) = 15.17+0.43−1.43 and
logN(C iii) = 16.63+0.63−1.10 for the v ∼ −10 km s
−1 compo-
nent.
3.1.1 The Broad Ly-α Absorption
The Lyα profile shows excess absorption in the velocity
range [−v,+v] = [70, 200] km s−1 over the red wing of the
core components. A three component fit to the H i series
lines produces an acceptable fit to the strong narrow core
components, but does not explain the wing in Lyα. To fit
this broad feature, we have to introduce a shallow compo-
nent to the absorption model. By fixing the centroid of this
component to the line centroid of Ovi, a simultaneous fit
to the Lyα and Lyβ estimates this fourth component of
H i to be a BLA with log N(H i) = 14.02 ± 0.23 dex and
b(H i) = 115 ± 7 km s−1. The fit results are given in Table 1
and the contributions from the four separate components are
shown in Figure 3. Being a shallow feature, the broad com-
ponent is not discernible in Lyβ or any of the higher order
c© 2015 RAS, MNRAS 000, 1–16
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Table 1. Voigt Profile Measurements
zabs Transition v (km s
−1) log [N (cm−2)] b(km s−1)
0.41614 H i 1216 − 926 −122 ± 4 15.82 ± 0.05 25 ± 3
−61 ± 6 15.87 ± 0.31 21 ± 8
−10 ± 4 16.30 ± 0.37 30 ± 5
−3 14.02 ± 0.23 115 ± 7
Ovi 1032, 1038 −3 ± 4 14.54 ± 0.04 48 ± 4
C iii 977 −120 ± 4 14.45 ± 0.13 16 ± 5
−67 15.14 ± 0.58 10 ± 7
−8 16.63 ± 0.63 20 ± 6
Si iii 1207 −123 ± 3 13.49 ± 0.18 13 ± 5
−67 ± 5 13.60 ± 0.25 9 ± 6
−8 ± 5 15.17 ± 0.47 14 ± 8
0.41950 H i 1216 − 926 −3 ± 3 14.57 ± 0.06 30 ± 4
−72 ± 5 13.48 ± 0.42 58 ± 6
Ovi 1032, 1038 0 ± 2 14.15 ± 0.06 14 ± 3
Comments: In the z = 0.41614 absorber, the multi-component structure is clearly discernible for Si iii and H i. The C iii line is
saturated and hence we obtain the N and b values by fixing the centroid of two of its components to match Si iii. We found that for
the v = −8 km s−1 component, changing the b-parameter by a small amount alters the estimated column density significantly
indicating that the line is in the flat part of the curve of growth. We adopt a value of logN(C iii) = 16.63+0.63−1.10 accounting for the
uncertainty in column density from the range of b-values possible for this component. Moreover, this component is possibly a blend of
narrower components unresolved by COS. Similarly, for Si iii, we adopt a column density measurement of logN(Si iii) = 15.17+0.47−1.43.
Compared to the v ∼ −8 km s−1, the v ∼ −67 km s−1 and v ∼ −123 km s−1 components are not severly saturated. The fit parameters
for the broad component in H i were obtained by fixing its velocity to that of Ovi. The error in the BLA’s b-parameter is the statistical
error given by the fitting routine. The true error in b will be larger than this estimation as we discuss in Sec 3.1.1. The Voigt profiles of
the separate components in H i are displayed in Figure 3. The z = 0.41950 absorber is detected only in H i and Ovi.
Lyman series lines. Therefore, including these higher order
lines to the simultaneous fit does not change the parameters
we extract for the BLA.
The profile fitting routine underestimates the uncertain-
ties in the fit parameters for the BLA. The 1σ uncertainty in
column density of the core H i components, the uncertain-
ties in their b-parameters and their line centroids as well as
the uncertainty in the v of Ovi will influence the fit values
the BLA can have. To account for these additional sources
of uncertainty in the BLA fit results, we fitted profiles to
Lyα and Lyβ lines simultaneously with the 1σ uncertainty
range of values for v,N, and b of the core components.
Combining these deviations from the measured value
in quadrature with the statistical uncertainty, we esti-
mate the breadth of the BLA component to be b(H i) =
115+17−19 km s
−1. This is the measurement that we adopt
for the BLA for the rest of the analysis. In the case of
column density, the statistical error from the Voigt pro-
file fit of 0.23 dex dominates the uncertainty. The place-
ment of the continuum could also influence the line mea-
surement. But we find that the continuum is well defined
within ∆v ∼ 4000 km s−1 of the Lyα. The large b-value
implies a temperature of log T (K) = 5.91+0.12−0.16 , if the broad-
ening is purely thermal. The BLA reveals the presence of a
considerable warm temperature phase to the absorber.
3.2 The z = 0.41950 absorber
The second Ovi absorber is offset from the previous system
by ∆v = +710 km s−1. This is a kinematically simple sys-
tem compared to the z = 0.41614 absorber. Only H i and
Ovi are detected at this redshift with > 3σ confidence. Fig-
ure 4 shows the profile fit on these lines and Table 1 lists
the column density measurements from profile fitting. The
upper limits on column densities for the other metal ions are
given in Table 3. The Lyα shows H i absorption in two com-
ponents. A Voigt profile fit identifies the two components at
v = −3 km s−1 and v = −72 km s−1 with the second compo-
nent being broader having b(H i) = 58 km s−1 (BLA). The
Ovi is kinematically coincident with the v = −3 km s−1
H i component, as shown by a free fit to the Ovi dou-
blet lines. This indicates that the Ovi resides in the same
gas phase the narrower H i component. The difference in
b-parameter between H i and Ovi implies a kinetic temper-
ature of T = 4.6+0.3−0.2 × 10
4 K for this gas phase.
The broader H i component (BLA) suggests the pres-
ence of gas at T = 2.1 × 105 K, if the line width is purely
thermal. At the velocity of this BLA, no metal line absorp-
tion is detected. The BLA feature is not detected in the
higher order Lyman lines which is consistent with its shal-
low profile in Lyα.
4 IONIZATION & ABUNDANCES IN THE
Z = 0.41614 ABSORBER
4.1 Photoionized Gas Phase
While the intermediate ions like Si iii and C iii showing
evidence for saturation, there are not enough constraints
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Table 2. Apparent Optical Depth Measurements for the z = 0.41614 Absorber
Line Wr(mA˚) log [N (cm−2)] [-v, +v] (km s−1)
C ii 1036 < 60 < 13.8 [-180, -100]
38 ± 7 13.57 ± 0.09 [-100, -55]
107 ± 9 14.06 ± 0.07 [-55, 50]
C iii 977 208 ± 11 13.85 ± 0.06 [-200, -85]
> 456 > 14.3 [-85, 100]
N iii 990 43 ± 9 13.67 ± 0.11 [-180, -100]
42 ± 8 13.70 ± 0.10 [-100, -55]
106 ± 11 14.10 ± 0.31 [-55, 40]
Ovi 1032 256 ± 12 14.49 ± 0.06 [-100, 100]
Ovi 1038 150 ± 13 14.48 ± 0.05 [-100, 100]
Si ii 1260 < 195 < 13.3 [-180, 50]
Si ii 1193 < 93 < 13.2 [-180, 50]
Si ii 1190 < 90 < 13.4 [-180, 50]
Si iii 1207 157 ± 14 13.13 ± 0.06 [-180, -100]
142 ± 11 13.12 ± 0.07 [-100, -55]
> 272 > 13.4 [-55, 50]
N ii 1084 < 57 < 13.7 [-180, 50]
Nv 1239 < 105 < 13.7 [-180, 50]
S vi 933 < 55 < 13.3 [-180, 50]
Comments - C ii 904a (λ = 903.9616 A˚) & C ii 904b (λ = 903.6235 A˚) are separated by only ∼ 0.5 A˚ in the observed frame. The C ii 904b at
v > 50 km s−1 has significant overlap with C ii 904a. We therefore adopt the measurements done on C ii 1036. The blue end of C ii 1036 is contaminated
because there is no corresponding absorption seen in C ii 904b which is expected to be 20% stronger than C ii 1036. The C ii and N iii lines do not show a
distinct component structure that can be modeled using Voigt profiles. Hence we have integrated the apparent column density along the velocity interval
over which absorption from each component is likely to dominate the contribution from the others. For the lines which are not detected at > 3σ, an upper
limit is obtained by integrating over the full velocity range where we expect to find the absorption.
Table 3. Apparent Optical Depth Measurements for the z = 0.41950 Absorber
Line Wr(mA˚) log [N (cm−2)] [-v, +v] (km s−1)
C ii 1036 < 31 < 13.5 [-50, +50]
C ii 904b < 51 < 13.4 [-50, +50]
C iii 977 < 33 < 12.8 [-50, +50]
N iii 990 < 36 < 13.6 [-50, +50]
Ovi 1032 88 ± 9 13.97 ± 0.05 [-50, +50]
Ovi 1038 39 ± 10 13.88 ± 0.11 [-50, +50]
Si ii 1193 < 60 < 12.9 [-50, +50]
Si iii 1207 < 57 < 12.5 [-50, +50]
N ii 1084 < 39 < 13.6 [-50, +50]
Nv 1239 < 69 < 13.6 [-50, +50]
S vi 933 < 33 < 13.0 [-50, +50]
Comments - All metal lines except Ovi are non-detections at the > 3σ significance level.
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Figure 3. Top and bottom panels are Voigt profile fits to Lyα and
Lyβ for the z = 0.41614 absorber. The core absorption is simulta-
neously fitted with three narrow components at v ∼ −122 km s−1,
−61 km s−1,∼ −10 km s−1 shown here as dashed blue curve, dot-
ted green curve and dash-dotted brown curve. The absorption in
the red wing of the Lyα is fitted by a shallow and broad compo-
nent with b ∼ 115 km s−1. The presence of the BLA is consistent
with the Lyβ profile where it is not detected. The solid red curve
is the combined contribution of all the four components of H i.
to develop complete ionization models. We draw only gen-
eral conclusions about the physical state of the absorber
from the photoionization models. The photoionized gas in
this absorber is modeled using Cloudy (Ferland et al. 2013,
v13.03). The elemental abundances used are the most recent
solar abundances from Grevesse et al. (2010). We model the
ionization in the v ∼ −122,−61,−10 km s−1 components of
the absorber separately.
It has been pointed out that Haardt & Madau (2012,
hereafter HM12) ultraviolet background’s estimate of the
hydrogen ionizing rate at low-z is lower by a factor of ∼
2− 5 (Kollmeier et al. 2014; Shull et al. 2015; Wakker et al.
2015). Khaire & Srianand (2015b, hereafter KS15) show
that this discrepancy is resolved by incorporating in the
synthesis of the background spectra, the recent measure-
ments of quasar luminosity function (Croom et al. 2009;
Palanque-Delabrouille et al. 2013) and star formation rate
densities (Khaire & Srianand 2015a). Figure 5 compares the
specific intensity of the HM12 background at z = 0.4 with
the KS15 model for different escape fractions of Lyman con-
tinuum photons. The equilibrium fractions of high ioniza-
tion species like Ovi will be primarily affected by the fac-
tor of two increase in the QSO emissivity, whereas the low
and intermediate ions will be affected by the enhacement
in both galaxy and QSO emissivities. In our photoioniza-
tion calculations, we use the KS15 ultraviolet background
with 4% escape fraction of hydrogen ionizing photons to be
consistent with the H i photoionization rate estimates of
Kollmeier et al. (2014).
The photoionization model predictions for the v ∼
−122 km s−1 component are shown in Figure 6 (left panel).
This feature appears adequately resolved and has, among
the three components, well determined H i, C iii and Si iii
column densities that are not much affected by saturation.
Figure 4. Voigt profile models are shown superimposed on the
continuum normalized data with 1σ error bars for the z = 0.41950
absorber. The location of the components are indicated by the
vertical tick marks. The separate components for H i are shown
by the blue dash-dot curve and the green dashed curve. At
v = −72 km s−1 is a broad component of H i with b ∼ 58 km s−1
(blue dash-dot line). The orange solid curve superimposed on
the Lyman series lines is the composite of the narrow and the
broad H i components. As is evident, the broad component’s non-
detection in the higher order Lyman lines is consistent with its
shallow profile seen in Lyα. The Ovi coincides in velocity with
the narrow strong component of H i. The fit results are given in
Table 1.
For the observed column density of log N(H i) = 15.82,
the photoionization curves of Figure 6 show the column den-
sity predictions for the different ions at various gas densities.
The Si abundance in this component is constrained to [Si/H]
& −0.2, below which Si iii will be underproduced for all den-
sities. For this lower limit on abundance, the observed Si iii
and the non-detection of Si ii are explained by the models
for nH = (0.4 − 1.3) × 10
−3 cm−3. A single phase model
that is consistent with the observed C iii, N iii and the up-
per limits on C ii, N ii is possible at nH ∼ 0.8× 10
−3 cm−3
for [C/H] = −0.3 and [N/H] = −0.6. The statistical errors
in the measured column densities of the metal lines and H i
result in a ± 0.2 dex error to the estimated abundances. For
this moderately ionized gas phase, the model predicts a to-
tal hydrogen column density of logN(H) = 18.5, a line of
sight thickness of L = 1.3 kpc, and T = 1.1× 104 K.
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Figure 6. Ionic column density predictions from photoionization equilibrium models for the v = −122 km s−1 (left top and bottom
panels), −61 km s−1 (middle panels), −10 km s−1 (right panels) components of the z = 0.41614 absorber. For clarity, ionic column
density predictions are split into top and bottom panels for each of the three components. The Cloudy models for each component
were generated for the respective H i column densities obtained from profile fitting the Lyman series lines. The bottom axis is hydrogen
number density, the top axis is the ionization parameter defined as logU = lognγ − lognH, where nγ is the photon number density
at energies greater than 1 Ryd. The ionization is from the extragalactic UV background modeled by Khaire & Srianand (2015b). The
thick portion of the curves, for each ion, mark the 1σ boundary for the observed column density. For C iii and Si iii, the uncertainties
in column density are comparitively larger due to significant line saturation. The Ovi is plotted here for reference. The difference in the
velocity sub-structure of Ovi from the rest of the ions suggest a different origin for Ovi, which is discussed in Sec 4.2
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Figure 5. The specific intensity of the extragalactic ionizing back-
ground radiation for z = 0.4. The red dotted curve is the con-
ventional Haardt & Madau (2012) ultraviolet background. The
other curves are the Khaire & Srianand (2015b) modeling of the
ionizing background which incorporates the more recent measure-
ments on the quasar luminosity function and estimates on escape
fraction of Lyman continuum photons from young star forming
galaxies. The different Khaire & Srianand (2015b) curves are for
different escape fractions. The trend seen around the He ii ioniz-
ing edge (54.4 eV), where increasing the escape fraction of pho-
tons decreases the intensity of He ii ionizing UVB is explained in
Khaire & Srianand (2013). Throughout our photoionization mod-
eling, we use the background with fesc = 4%, which will produce
the H i photoionization rate required by Kollmeier et al. (2014)
to solve the apparent photon underproduction crisis.
The photoionization curves for the v ∼ −67 km s−1
component are shown in Figure 6 (middle panel). The ob-
served Si iii for this component is valid for [Si/H] & −0.2,
and nH = (0.4−1.6)×10
−3 cm−3. The unsaturated C ii pro-
vides an estimate for the carbon abundance in this compo-
nent. For [C/H] . −0.2, C ii becomes a non-detection. Thus
[C/H] & −0.2 for nH > 0.4× 10
−3 cm−3, densities at which
the C ii ionization fraction has a maximum. The predicted
column densities for the various low and intermediate ions
are within the permissible range for nH ∼ 0.8× 10
−3 cm−3
as shown in Figure 6 (middle panel). This model also pre-
dicts a logN(H) = 18.6, L = 1.6 kpc, and T = 1.1× 104 K,
similar to what we obtain for the v ∼ −122 km s−1 com-
ponent. The uncertainties in the measured column densities
contribute a 0.6 dex, 0.4 dex and 0.3 dex uncertainty to the
derived abundances of C, N and Si respectively.
For the component at v ∼ −10 km s−1, the abun-
dances for C and Si can be derived using C ii and Si iii,
but with significant uncertainities of ∼ 0.5 dex coming
from the statistical uncertainty in the corresponding H i
column density. At [Si/H] = −0.2, Si iii is explained for
nH = (0.3 − 2) × 10
−3 cm−3 and N iii for [N/H] = −0.7
with nearly the same density range. The model predicted
C ii is consistent with the observed value for [C/H] = −0.3
and nH > 0.3× 10
−3 cm−3. Based on these abundance con-
strains, a single phase solution for the low and intermediate
ions is one where nH = 0.4 × 10
−3 cm−3, corresponding to
logN(H) = 19.4, L = 18.9 kpc, and T = 1.2 × 104 K (see
Figure 6, right top and bottom panels).
The difference in velocity sub-structure of Ovi with
what is seen for C iii, Si iii and H i clearly precludes the
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Figure 7. Gnat & Sternberg (2007) CIE model for the H i col-
umn density measured for the BLA in the z = 0.41614 absorber.
The vertical dash-dotted line is at T = 7.1 × 105 K, obtained
from solving for the temperature using the b(H i) from the BLA
and b(Ovi). The [O/H] = −0.3 dex is set by the need to recover
the observed N(Ovi) at the given temperature of the gas. The
Ne viii is shown just for comparision, as it is a frequently sought
after tracer of warm-hot gas. Both oxygen and neon are modeled
for half solar abundance.
possibility that the Ovi ion is tracing this photoionized gas.
The Ovi prediction for nH ∼ 0.4 × 10
−3 cm−3 of the pho-
toionized gas phase is ∼ 0.8 dex lower than the observed
value even for solar [O/H]. Furthermore, the Ovi from pho-
toionization has a steeply declining dependency with log nH
(e.g., see Figure 6). This means that for sub-solar oxygen rel-
ative abundances, the Ovi contribution from this photoion-
ized phase will also come down significantly. The Ovi clearly
favors an origin in a separate gas phase, which we discuss
next.
4.2 The Origin of Ovi Absorption
The differences between the component structure of Ovi
when compared to the low, intermediate metal species and
the core H i absorption provide the strongest indication that
the Ovi could be from a phase other than the T ∼ 104 K
photoionized gas. The Ovi is consistent with having the
same origin as the BLA discussed in Sec 3.1.1. The tem-
perature of this gas phase follows from the large line width
of H i compared to Ovi. The separate b-values of b(H i) =
115+17−19 km s
−1 and b(Ovi) = 48 ± 2 km s−1 imply a tem-
perature of T = 7.1+2.7−2.6×10
5 K, with thermal broadening of
bt(H i) ∼ 108 km s
−1 and bt(Ovi) ∼ 40 km s
−1. Whereas
for the Ovi, the thermal and non-thermal contributions to
line broadening are almost equal, for the BLA, 94% of the
line broadening is due to the high temperature of the gas. At
these high temperatures, the ionization will be dominated by
collisions.
Figure 7 shows Gnat & Sternberg (2007) collisional ion-
ization equilibrium (CIE) model predictions for Ovi at var-
ious kinetic temperatures. The column density of H i in
these models is the BLA column density of logN(H i) =
14.02. For the CIE models to match the observed Ovi at
T = 7.1 × 105 K, the oxygen abundance has to be [O/H]
= −0.3 ± 0.2 dex. For higher metallicity, Ovi is overpro-
duced for this equilibrium temperature, and for lower metal-
licity it is underproduced. However, as we describe in the
next paragraph, models that simultaneously consider pho-
toionization and collisional ionization scenarios favor lower
oxygen abundance considering realistic values for the size of
the warm gas.
At T = 7.1 × 105 K, the CIE conditions predict a
very low neutral hydrogen ionization fraction of f(H i) =
N(H i)/N(H) = 3.7× 10−7. This suggests a total hydrogen
column density of N(H) = 2.8×1020 cm−2, which is a factor
of ∼ 10 more than the total hydrogen column density in the
cooler photoionized gas. At T > 3 × 105 K, the recombina-
tion and cooling rates are comparable, with no differences
between the equilibrium and non-equilibrium collisional ion-
ization fraction predictions for metals (Sutherland & Dopita
1993). The large baryon content in the Ovi gas phase,
compared to the strongly absorbing neutral gas, supports
the view held by Fox et al. (2013) and Lehner et al. (2013)
that a proper accounting of the warm Ovi phase can dou-
ble the contribution of such partial/Lyman limit systems
(log N(H i) ∼ 16.1 − 16.7 dex) towards the cosmic baryon
budget.
Even when the ionization in the gas is dominated by
collisions, the presence of extragalactic background photons
cannot be overlooked. By including the UV ionizing back-
ground while keeping the temperature of the gas fixed to
T = 7.1×105 K in Cloudy, we generated hybrid models that
simultaneously allow for collisional and photoionization re-
actions. The hybrid models show that for nH & 10
−5 cm−3,
the ionization fractions of the various elements are predom-
inantly controlled by collisions. Above that limit, the Ovi
ionization fraction shows only a weak dependency on den-
sity. For densities below this limit, photoionization begins
to alter the ion fractions from the pure collisional predic-
tions. At nH ∼ 10
−5 cm−3, the hybrid models require a
thickness of ∼ 4 Mpc for the absorber, an exceedingly large
value which is difficult to reconcile with the kinematically
simple, single component absorption profile of Ovi and the
BLA. Moreover, absorption over a path length of 4 Mpc
would result in a line broadening of ∼ 280 km s−1 if the
absorber is not decoupled from the Hubble flow, which is in-
consistent with the measured width of the lines. Thus, very
low densities of nH . 10
−5 cm−3 for the BLA - Ovi gas
phase can be ruled out. The premise that the absorbing
cloud should have a realistic size serves as a constraint on
the [O/H] in the hybrid model. For [O/H] . −0.6 dex, the
observed N(Ovi) is produced for nH > 3× 10
−4 cm−3 cor-
responding to N(H) 6 2.5 × 1020 cm−2 and L 6 260 kpc.
The 1σ range for the temperature of this warm gas and the
associated BLA H i column density, result in an uncertainty
in the oxygen abundance of ∼ 0.2 dex. But the conclusion
from CIE, that the BLA - Ovi phase possesses a factor of
∼ 10 more baryons than the moderately ionized gas, is valid
for the hybrid ionization scenario as well.
We note that the Ne viii from the collisionally ionized
warm gas will be stronger than Ovi at the predicted temper-
ature of T = 7.1×105 K, for [Ne/H] ∼ [O/H]. The absorber
could have been a candidate for Ne viii detection, but the
incidence of a Lyman limit absorber at z = 0.31 leaves lit-
tle flux at λ < 1200 A˚. The properties of the warm gas,
nevertheless, are consistent with the general physical state
of Ne viii absorbers given by both observations and simula-
tions (Tepper-Garc´ıa et al. 2013).
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Figure 8. Column density predictions from photoionization equi-
librium models for the v = −3 km s−1 H i - Ovi absorber at
z = 0.41950. For clarity, the model predictions for the different
ions are split into top and bottom panels. The thick portion of
the curves mark the 1σ boundary for the observed column den-
sity. Except Ovi, all other metal lines are non-detections. The
dash-dot line indicates the ionization parameter at which Ovi is
reproduced by the models simultaneously being consistent with
the upper limits for the rest of metal ions.
5 IONIZATION & ABUNDANCES IN THE
Z = 0.41950 ABSORBER
The kinetic temperature T = 4.6+0.3−0.2 × 10
4 K, measured
by the narrow H i and Ovi line widths is consistent with
temperature of the gas being driven by photoionization. At
these temperatures, electron impacts will not contribute sig-
nificantly to the ionization of H i or metals and hence colli-
sional ionization can be neglected. Figure 8 shows the pho-
toionization models for the narrow H i - Ovi cloud when
irradiated by the KS15 ionizing spectrum. The observed
N(Ovi) allows us to impose a lower limit on the oxygen
abundance. For [O/H] 6 −1.3 dex, Ovi is underproduced
for all densities. The photoionization models shown in Fig-
ure 8 are for a metallicity equal to this lower limit for oxygen.
At that limiting abundance, the required Ovi is produced
for nH = 7.9 × 10
−6 cm−3. Such low densities would result
in large path lengths of L = 2.5 Mpc. Over a megaparsec
scale it is common to expect discrete velocity and ioniza-
tion substructures in the absorbing cloud. Given the simple
Gaussian like optical depth profile of Ovi and the narrow
H i, it is unlikely that the absorption is happening across
such vast length scales. If the absorption is from a struc-
ture that has not decoupled from the Hubble flow, then
we expect a line broadening due to Hubble expansion of
v = H(z)L = 215 km s−1, which is significantly larger than
the H i or Ovi line widths. The Ovi can come from clouds
of smaller size, provided the densities are higher. As the
photoionization curves show, Ovi has a steep dependency
on density. Hence higher density photoionization solutions
would also require higher oxygen abundances. For example,
at [O/H] ∼ −1.0 dex, the observed N(Ovi) is recovered from
nH = 2.5 × 10
−5 cm−3, tracing a total baryonic column of
N(H) = 1.3 × 1019 cm−2 over a significantly smaller cloud
thickness of L = 129 kpc. The above gas phase is consistent
with the upper limits from the non-detection of N ii, N iii,
Nv, Si ii, Si iii and S vi for the 1/10th solar metallicity. The
photoionization predicted temperature of T = 4.1 × 104 K
also agrees with the line widths of H i and Ovi. Such higher
density solutions require departures from solar [C/O] if the
models are to be consistent with the absence of C iii from
the same gas phase. For example at a metallicity of −0.5 dex,
the [C/O] ∼ −0.3 dex for the C iii to be a non-detection.
Significant variation in [C/O] abundance would require a
different nucleosynthesis enrichment history, as both C and
O are primary elements synthesized by massive stars. Such
lower abundances of C to O are seen for higher column den-
sity H i systems like DLAs and LLSs (Lehner et al. 2013;
Dutta et al. 2014). Assuming [C/O] of solar, the constraint
on oxygen abundance will be −0.7 . [O/H] . −1.3 dex.
The ionization and physical conditions in the v ∼
−72 km s−1 cloud is less precisely determined given the
absence of any metal lines to go with the broad H i. Pho-
toionization models for the estimated column density of
log[N(H i)] = 13.48 show that abundances [X/H] 6 0 and
densities of nH < 5 × 10
−5 cm−3 satisfy the upper limits
on the metal ion column densities. The model predicted gas
temperature of T = 2 × 104 K would imply that ∼ 70% of
the H i line width is due to non-thermal broadening.
Alternatively, if b(H i) = 58 ± 6 km s−1 is purely due
to thermal broadening, the corresponding temperature will
be in the range T = (1.7 − 2.5) × 105 K. Contributions
from turbulence in the gas, along with Hubble broaden-
ing (bHubble < 30 km s
−1 typically for ∼ kpc structures,
Valageas, Schaeffer, & Silk 2002) would result in lower tem-
peratures. Given the lack of information to resolve the mech-
anisms contributing towards line broadening, the temper-
ature estimate can be considered as an upper limit. At
T = 2 × 105 K, if collisional processes are dominating the
ionization in the gas, then the total baryon column density
in the broad component will be N(H) = 3× 1019 cm−2, as-
suming CIE fractions (Gnat & Sternberg 2007). The total
gas content in this shallow and broad H i component thus
comes out as an order of magnitude more than the amount
of baryons present in the kinematically adjacent photoion-
ized gas phase of the absorber. At T = 2×105 K, the column
density limit from non-detection of log N(Ovi) < 13.3 dex,
places an upper limit of [O/H] < −0.8 dex in the collisionally
ionized gas.
Hybrid models suggest that for Ovi to be a non-
detection at T = 2 × 105 K, the oxygen abundance in the
BLA gas phase has to be [O/H] < −0.7, which is consis-
tent with the corresponding upper limit in the kinemati-
cally adjacent H i - Ovi cloud. For [O/H] < −0.7, density
is nH . 3× 10
−3 cm−3, N(H) > 1019 cm−2 and L > 1 kpc.
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Table 4. Galaxies in the vicinity of the absorbers
R.A. Dec. zgal ∆v (km s
−1) η (arcmin) ρ (Mpc) g (mag) Mg (L/L∗)g
zabs = 0.41614 (v = 0 km s
−1) Absorber
150.14156 59.72934 0.41437 −376 ± 21 3.6 1.2 20.97 ± 0.09 -22.34 2.8
150.42517 59.73372 0.41303 −659 ± 16 5.0 1.7 20.49 ± 0.06 -22.82 4.3
150.43219 59.81284 0.42062 +947 ± 15 6.9 2.3 21.04 ± 0.07 -22.40 2.9
150.15218 59.61503 0.41422 −406 ± 17 8.0 2.7 20.76 ± 0.10 -22.06 2.1
150.20506 59.43657 0.41189 −901 ± 18 18.1 6.0 20.85 ± 0.09 -22.59 3.5
150.88540 60.04693 0.41456 −334 ± 21 26.4 8.8 20.77 ± 0.06 -22.56 3.4
149.66518 60.11736 0.41496 −249 ± 17 28.9 9.6 20.97 ± 0.05 -22.32 2.7
zabs = 0.41950 (v = +710 km s
−1) Absorber
150.43219 59.81285 0.42062 +236 ± 14 6.9 2.3 21.04 ± 0.07 -22.40 2.9
149.66518 60.11736 0.41496 −959 ± 16 29.0 9.7 20.97 ± 0.06 -22.32 2.7
Comments. - Galaxies within 30 arcminutes of projected separation and within |∆v| = 1000 km s−1 of the absorbers. The z values are SDSS spectroscopic
redshifts. ∆v correspond to the systemic velocities of the galaxies with respect to the absorber. The error in velocity separation comes from the uncertainty
in the spectroscopic redshift. The projected separation ρ was calculated from the angular separation assuming a ΛCDM universe with parameters of
H0 = 69.6 km s
−1 Mpc−1, Ωm = 0.286, ΩΛ = 0.714 (Bennett et al. 2014). The galaxy absolute magnitudes were calculated using the distance modulus
expression, with the luminosity distances estimated for each zgal for a ΛCDM universe (Wright 2006). Appropriate K corrections were applied using the
analytical expression given by Chilingarian et al. (2010). The Schechter absolute magnitude M∗g = −21.237 for z = 0.4 was taken from Ilbert et al. (2005).
The distribution of galaxies near the z = 0.41614 absorber is shown in Figure 9.
6 GALAXIES NEAR THE ABSORBER
The SBS0957+599 sightline is in the SDSS footprint. We
searched the DR12 SDSS database for galaxies close to the
absorbers. Within |∆v| = 1000 km s−1 velocity separation
and 30′ × 30′ (∼ 10 Mpc) projected separation of the
z = 0.41614 absorber are seven galaxies with SDSS spec-
troscopic redshifts. The galaxy distribution at the location
of the absorber is shown in Figure 9 and their information
summarized in Table 4.
SDSS is sampling only the brightest galaxies at z ∼ 0.4,
as evident from the > 2 L∗ luminosities we estimate for
all the galaxies in Table 4. The survey’s 90% spectroscopic
completeness limit of r < 17.8 (Strauss et al. 2002) corre-
sponds to & 3 L∗ at z ∼ 0.4 (Ilbert et al. 2005). The nearest
galaxy seen by SDSS is at a projected separation of 1.2 Mpc
from the absorber. This 2.8 L∗ galaxy has an extended mor-
phology and an emission line spectrum. The flux at Hα is
fHα = 14.3 × 10
−17 erg cm−2 s−1. Using the conversion
factor given by Kennicutt et al. (1994), we estimate a star
formation rate of SFR(Hα) = 0.7 M⊙ yr
−1, typical of nor-
mal galaxies. The scaling relation Rvir = 250 (L/L∗)
0.2 kpc
given by Prochaska et al. (2011b) yields a virial radius of
Rvir ∼ 310 kpc for this galaxy. The separation of the galaxy
from the line of sight is a factor of ∼ 4 larger than this.
Given this wide separation and the low SFR, it is unlikely
that the absorber has an origin in gas bound to this galaxy.
The impact parameters of the other galaxies range from
∼ 3− 10 Mpc. Because of the incompleteness of the galaxy
sample for sub-L∗ luminosities, and the small number of
galaxies identified with redshifts similar to that of the ab-
sorber, we do not adopt any standard algorithm to formally
define a galaxy group in this region. However, we note that
the four galaxies within |∆v| < 500 km s−1 of the absorber
have a narrow velocity dispersion of ∼ 59 km s−1 and an
average velocity of ∼ −342 km s−1 with reference to the
absorber. Such offsets in velocity, also seen between several
warm absorbers and galaxy groups studied by Stocke et al.
(2014), could be related to the general kinematic nature of
warm gas near galaxy groups.
Including the photometric redshifts from the SDSS
reveals four additional galaxies within ρ = 5 Mpc pro-
jected distance of the absorber, with the nearest galaxy at
∼ 1.9 Mpc. The errors associated with the photometric red-
shifts are δz/z ∼ 0.03 − 0.3, which allow for uncertainties
of ∼ 103 − 104 km s−1 in the systemic velocities of these
galaxies. Spectroscopic observations of these galaxies can
yield more detail on this absorber environment. In any case,
the preponderance of galaxies suggests that the environment
could be one of galaxy groups, with the absorption tracing
gas near to 1 Mpc of the galaxies revealed by SDSS.
Two of the galaxies from the above sample are within
∆v = 1000 km s−1 of the z = 0.41950 absorber as well,
but again at significantly large impact parameters of >
2 Mpc (see Table 4). The galaxy nearest in impact pa-
rameter shows an emission line dominated spectrum with
fHα = 131.1 × 10
−17 erg cm−2 s−1. The corresponding
SFR(Hα) = 6.7 M⊙ yr
−1 (Kennicutt et al. 1994) indicate
that the galaxy has a moderate star-formation rate. Given
the velocity offsets between the absorber and the galaxies
and the large impact parameters, the likelihood of the line
of sight tracing the gaseous envelope of either galaxy is neg-
ligible. We note that there are three more galaxies with pho-
tometric redshifts within 500 km s−1 and ρ < 5 Mpc of the
absorber. The nearest of these galaxies is at 2.2 Mpc impact
parameter. However, the photometric redshift errors signfi-
ciantly extend the uncertainty in the velocity offset of these
galaxies with the absorber.
7 ON THE ORIGIN OF THE ABSORBERS
Having information on the size of Ovi absorbing regions can
help in the physical interpretation of individual absorption
systems, whether the Ovi is tracing virialized galactic scale
structures or intergalactic gas. Surveys that explore the as-
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Figure 9. The distribution of galaxies with SDSS spectroscopic
redshifts that place them within |∆v| = 1000 km s−1 and 30 ar-
cminute from the z = 0.41614 absorber. The ”+” sign corresponds
to the line of sight towards the background quasar. The two con-
centric dashed circles indicate uniform projected separations of
1 Mpc and 5 Mpc respectively from the line of sight. Further in-
formation on these galaxies is given in Table 4. The multiphase
absorber seems to be residing in a galaxy group environment.
sociation between galaxies and absorbers find a wide spatial
distribution for Ovi around galaxies compared to low ion-
ization metal lines (Prochaska et al. 2011b; Tumlinson et al.
2011a; Stocke et al. 2014). An ionization model independent
estimate on the size of the warm Ovi halo around a galaxy
was obtained by Muzahid (2014). Using two closely sepa-
rated lines-of-sight, Muzahid (2014) estimated a coherence
length of ∼ 280 kpc for the Ovi absorption from the circum-
galactic medium of a ∼ 1.2 L∗ galaxy, consistent with the
emerging view that sub-L∗ and brighter galaxies can have
covering fractions of nearly unity for Ovi out to their halo
virial radii (e.g., Prochaska et al. 2011b).
In regions where multiple galaxies are present, there is
an enhancement in the covering fraction of Ovi, with de-
tections extending out to impact parameters which are as
much as ∼ 3 times the halo virial radii of the nearest galax-
ies (Johnson et al. 2015; Mathes et al. 2014). Interestingly,
such an enhancement is not found for the cooler (T ∼ 104 K),
dense (nH ∼ 10
−3 cm−3) gas probed by C ii, Si ii, Mg ii
and similar low ionization potential lines, suggesting that
these could be parsec-scale clouds embedded within a much
extended warm halo (Ford et al. 2014; Muzahid 2014). This
environmental dependence is reflected in the absorbers dis-
cussed here. The z = 0.41614 absorber, with its mix of low
and high ionization gas, is residing within a few Mpc of an
overdense region of space where the spread of warm Ovi
is likely to be wider than halo sizes. Moreover, galaxy in-
teractions, ram-pressure stripping and similar environmen-
tal effects are pathways by which low ionization ISM can
also be dragged to large separations from galaxies. In the
z = 0.41950 absorber, we find evidence only for high ioniza-
tion gas, which is consistent with the relatively low density
of luminous galaxies close to the line of sight.
The galaxies identified by SDSS are more than 1 Mpc
distant from either absorber. As the z = 0.41614 absorber is
a partial Lyman limit system with log N(H i) ∼ 16.6 dex,
one may wonder whether the magnitude limited observa-
tions of SDSS have missed sub-L∗ sources closer to this
absorber. This remains a distinct possibility in the light of
several absorber/galaxy studies which find that Ovi bearing
gas can be seen near (ρ . 800 kpc) many L & 0.1 L∗ galaxies
(Stocke et al. 2006; Wakker & Savage 2009; Prochaska et al.
2011b). Prochaska et al. (2011b) conclude that the circum-
galactic environments of sub-L∗ galaxies (0.1L∗ < L < L∗)
could be predominantly responsible for relatively strong Ovi
systems with Wr(1032) > 30 mA˚. At the same time, evi-
dence seems to also suggest that the virialized halos of very
faint dwarf galaxies (L & 0.01 L∗) may have a lesser role to
play in the incidence of Ovi absorbers (Tumlinson & Fang
2005; Prochaska et al. 2011b; Mathes et al. 2014). For ex-
ample, from studying a sample of 14 galaxies that lie within
ρ ∼ 3 Rvir of background quasars, Mathes et al. (2014) find
a significantly lower frequency of Ovi detections around low
mass halos (∼ 1011.5 M⊙), suggesting a fairly large escape
fraction of ∼ 90% for halo gas, compared to a modest ∼ 35%
from high mass halos (Mathes et al. 2014). Thus, low mass
galaxies may not retain much of Ovi bearing outflows. Since
the SDSS has only found the brightest galaxies (& 2 L∗)
near the absorber, there remains the possibility that the
z = 0.41614 Ovi - partial Lyman limit absorber could be dy-
namically linked to the halo of an undetected sub-L∗ galaxy
closer to the absorber.
Galaxy feedback mechanisms such as correlated su-
pernova driven winds and AGN outflows can influence
the temperature and the chemical composition of halos
(Veilleux et al. 2005). At low-z, starforming galaxies are
known to have more warm Ovi in their halos than passive
galaxies, implying that the Ovi can be a direct result of gas
shocked by supernova ejecta (Tumlinson et al. 2011a). At
higher redshifts (z ∼ 3) also, many strong Ovi absorbers
(logN(Ovi) & 14.5) are found to have velocities, densi-
ties and temperatures consistent with outflows (Lehner et al.
2014). For lines of sight probing active outflows or winds
close to the galaxy, the velocity extents of absorption fea-
tures are generally broad (∆v & 400 km s−1) and kine-
matically complex (Heckman et al. 2001; Grimes et al. 2009;
Tripp et al. 2011; Tumlinson et al. 2011a; Muzahid 2014).
This is not the case for either of our Ovi absorbers. The
sub-solar metallicity which we obtain for the low and high
ionization gas phases is also not usually found in metal rich
outflows (Muzahid 2014). Thus, there is no definitive ev-
idence for the absorbers discussed in this paper being di-
rectly associated with a galactic-scale wind. These warm ab-
sorbers can be tracers of ancient outflows (wind age > 1 Gyr)
which, as the simulations of Ford et al. (2014) suggest, can
end up diffusely distributed at galactocentric distances of
d & 500 kpc where absorption from the ambient IGM also
dominates. With the limited SDSS sampling of galaxies dis-
cussed in this paper, it is difficult to distinguish an out-
flow generated Ovi from the several other possible scenar-
ios that can give rise to warm Ovi in galaxy halos (see
Heckman et al. 2002; Sembach et al. 2003; Maller & Bullock
2004; Tripp et al. 2008).
Based on models of structure formation, it has been hy-
pothesized that galaxy groups can have intragroup gas at
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T ∼ 105 − 106 K, temperatures too low to discrimate their
emission from the soft X-ray background (Mulchaey et al.
1996). Presently, such a medium can be probed only through
high ionization absorption lines such as Ovi, Ne viii and
thermally-broadened Lyα against the light from background
QSOs. It is important to explore this gas reservoir, as it po-
tentially harbours as much as ∼ 4% of the total baryons in
the low-z universe, on a par with the fraction of baryons
trapped inside galaxies (Savage et al. 2014). A recent exam-
ple is given by Stocke et al. (2014) whose sample of BLA -
Ovi warm absorbers is morely likely to be from intragroup
gas than individual galaxy halos. The warm Ovi is hypoth-
esized to arise in conductive interface layers between cold
T . 3 × 104 K clouds and a hitherto undetected diffuse
T ∼ 106.5 K intragroup medium.
Hydrodynamic simulations also predict that a sub-
stantial fraction of baryons are to be found along large
scale filaments connecting galaxy overdensity regions. In
Narayanan et al. (2011), a BLA - Ovi absorber is identified
as tracing T ∼ 1.4× 105 K intergalactic gas along a nearby
(vHELIO = 3081 km s
−1) galaxy filament, with several loose
groups of galaxies beyond ρ ∼ 1.5 Mpc of projected sepa-
ration. Another example of baryonic reservoirs along galaxy
filaments is given by Wakker et al. (2015). About 85% of
the Lyα systems from their sample of 15 absorbers, which
includes BLAs, appear to be tracing intergalactic filament
gas that lies far outside of the virial radii of the nearest galax-
ies that trace the filament. Along similar lines, Tejos et al.
(2016) find a ∼ 4−7 times higher covering fraction for BLAs
near galaxy overdensities, compared to random fields. In
that study also the warm gas was identified as being away
from individual galaxy halos, but possibly along cluster fila-
ments.
The absorbers studied here are also consistent with
an intragroup origin or gas associated with a much larger
galaxy filament. The Ovi and the associated BLA in the
z = 0.41614 system can be produced by collisional process
at the interface layers between the photoionized gas phase
and a hot exterior medium. In the case of the z = 0.41614
system, the photoionized gas could be recycled material
from earlier epochs of galaxy outflows or interactions within
the group environment, as proposed for metal rich ([X/H]
& −0.3) Lyman limit systems (Lehner et al. 2013). The Ovi
in the z = 0.41950 system is likely produced in a low density
medium that is predominantly photoionized. However, even
in this latter case, the BLA could be transition temperature
plasma, with metallicity so low to have little Ovi.
8 SUMMARY & CONCLUSIONS
In this paper, we have analyzed the physical conditions in
two intervening multiphase Ovi absorbers at z = 0.41614
and z = 0.41950, separated from each other by ∆v =
710 km s−1. Both absorbers are detected in the COS spec-
trum of the background quasar SBS 0957 + 599 and they
show clear evidence for the presence of gas with T ∼
7× 105 K and T . 2× 105 K respectively. Our main conclu-
sions are :
(i) The C ii, C iii, Si ii, Si iii, N ii and N iii in the
z = 0.41614 system are consistent with cool photoion-
ized clouds of T ∼ 4 × 104 K having densities of nH ∼
0.4×10−3 cm−3, total hydrogen column densities of N(H) ∼
3× 1019 cm−2 with absorption happening over path lengths
of . 20 kpc. This gas phase has elemental abundances of
[C/H] ∼ −0.3 dex, [Si/H] ∼ −0.2 dex, [N/H] . −0.7 dex
and [S/H] . −0.6 dex, with uncertainties of ± 0.4 dex.
(ii) There is a BLA component to the H i absorption
at z = 0.41614 with log N(H i) = 14.02 ± 0.23 dex and
b(H i) = 115+17−19 km s
−1, revealing the presence of a warm
medium. The BLA and Ovi are consistent with an origin in
the same gas phase. The widths of the H i and Ovi lines
solve for T = 7.1 × 105 K, a temperature too hot for any
of the low or intermediate ionization species to survive. Un-
der pure collisional ionization, this warm phase has [O/H]
= −0.3 ± 0.2 dex and traces a substantial baryonic col-
umn of N(H) = 2.8 × 1020 cm−2. The amount of baryons
present in this warm medium is a factor of 10 higher than
the cooler photoionized gas where the H i column density is
∼ 2.5 dex higher. Hybrid models that simultaneously allow
for photoionization and collisional ionization favor a lower
abundance of [O/H] . −0.6 dex set by constraints on the
size of the absorber.
(iii) The z = 0.41950 absorber is detected only in H i
and Ovi. The Lyα profile shows the presence of a shallow,
broad component and a stronger, narrow component offset
from each other by ∼ 70 km s−1. The Ovi does not show any
evidence for sub-structure and is kinematically centered on
the narrow H i component. The b(H i) and b(Ovi) indicates
T = 4.6+0.3−0.2 × 10
4 K where collisional ionization is not im-
portant. The Ovi permits photoionization at low-densities
of nH ∼ 10
−5 cm−3, −0.7 . [O/H] . −1.3 dex, baryonic col-
umn densities of N(H) ∼ 1019 cm−2 and line-of-sight thick-
ness of L ∼ 130 kpc.
(iv) The BLA in the z = 0.41950 absorber has a b(H i) =
58 ± 6 km s−1 suggesting T = (1.7 − 2.5) × 105 K for
pure thermal broadening. The temperature supports col-
lisonal ionization in gas with baryonic column densities of
N(H) . 3×1019 cm−2. The oxygen abundance in this warm
gas phase is constrained (from the non-detection of coinci-
dent Ovi) to [O/H] < −0.8 dex, if collisions are dominating
the ionization in this medium.
(v) The SDSS database shows four spectroscopically con-
firmed galaxies with L & 2L∗ within 30 arcminute and
|∆v| = 500 km s−1 velocity of the z = 0.41614 absorber.
At the redshift of the absorber, the SDSS is 90% complete
for L & 3L∗. The nearest galaxy is at a projected separation
of 1.2 Mpc. The narrow velocity dispersion of ∼ 59 km s−1
between the four galaxies indicate that the absorber is trac-
ing gas associated with a galaxy overdensity environment.
There are three additional spectroscopically confirmed galax-
ies within 1000 km s−1 of this absorber. The nearest lumi-
nous source to the z = 0.41950 absorber is a moderately
star-forming disk galaxy whose systemic redshift places it
at 235 km s−1 and 2.3 Mpc impact parameter. Both Ovi
absorbers are possibly tracing out multi-phase intragroup
gas, or the gaseous envelope of a closer-by sub-L∗ galaxy
undetected by the SDSS.
(vi) Analysis of the two absorbers highlights the diverse
ionization conditions as well as the physical environment in
which Ovi absorption arises. The metal species cannot be
used as a blind tracer of T ∼ 105 − 106 K gas. In multi-
phase absorbers such as those presented here, the Ovi data
has to be interpreted in the light of additional information
c© 2015 RAS, MNRAS 000, 1–16
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from thermally broad Lyα or more highly ionized species like
Ne viii or Mg x to discriminate between photoionization
and collisional ionization processes.
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